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The tobacco etch potyvirus (TEV) helper component –proteinase (HC– Pro, 460 amino acid residues) is a multifunctional
protein involved in aphid-mediated transmission, genome amplification, polyprotein processing, and long-distance move-
ment. To investigate the interrelationships between three of these functions, 25 alanine-scanning mutations affecting
clusters of charged residues were introduced into the HC– Pro coding sequence. The resulting mutants were analyzed
with respect to HC– Pro proteolytic activity in vitro, genome amplification in protoplasts, and long-distance movement
in tobacco plants. Three classes of mutants were identified. Class I mutants (total of 17) were capable of genome
amplification, long-distance movement, and HC– Pro proteolysis with efficiencies similar to parental virus. The class III
mutant (total of 1) encoded a proteolytically debilitated HC– Pro and was replication-defective. Class II mutants (total
of 7) encoded proteolytically active HC– Pro, but each exhibited a suppressed amplification phenotype that was character-
ized by a progressive shutoff during the course of infection in protoplasts. The class II mutants also exhibited defects
in long-distance movement, accumulating to relative levels of 0 to 7.5% in noninoculated tissue. Wild-type HC– Pro
supplied in trans was able to partially rescue the class II mutant amplification defects in protoplasts and long-distance
movement defects in plants, although the extent of complementation of movement function varied for each mutant. Six
of the seven class II mutations affected the central region of HC –Pro between residues 126 and 300, whereas only one
affected the C-terminal proteolytic domain. These results indicate that the central region of HC– Pro is necessary for
efficient genome amplification and long-distance movement, and that the one or more HC– Pro functions involved in
these processes is at least partially trans-active. Additionally, the long-distance movement properties of a previously
characterized HC –Pro-defective mutant (TEV – GUS/CCCE) were characterized further using grafted nontransgenic and
HC– Pro-expressing transgenic plants. The results indicated that HC– Pro is required in both inoculated and noninoculated
tissues to complement the TEV – GUS/CCCE movement defects. q 1997 Academic Press
INTRODUCTION The extent to which potyvirus genome replication, encap-
sidation, and intercellular movement processes are cou-
Systemic infection by a plant virus requires compatible
pled is not yet clear.
interactions between the virus and the host at two levels.
The potyviruses are members of the picornavirus-like
First, viral genomes must be able to replicate at the sin- supergroup of positive-strand RNA viruses (Koonin and
gle-cell level. Several lines of evidence indicate that ge- Dolja, 1993). Potyvirus members, such as tobacco etch
nome replication of positive-strand RNA viruses of eu- virus (TEV), contain monopartite genomes encoding a
karyotes occurs in association with membranes (Barton polyprotein that is processed extensively by three virus-
et al., 1991; Bienz et al., 1987, 1992; Bujarski et al., 1982; encoded proteinases —P1, helper component – protein-
Martı´n and Garcı´a, 1991; Molla et al., 1993). Second, ase (HC – Pro), and NIa (Fig. 1A) (Dougherty and Semler,
viral genomes must be able to move to and through 1993). In addition to their roles in polyprotein cleavage,
plasmodesmata to adjacent cells and through phloem each of the proteinases participates in one or more other
to adjacent organs (Carrington et al., 1996; Lucas and infection processes. Genetic and biochemical evidence
Gilbertson, 1994). Depending on the virus, genomes are indicates that HC– Pro participates in at least four pro-
proposed to move as ribonucleoprotein complexes or as cesses—polyprotein processing (Carrington et al.,
virions. Most plant viruses encode dedicated movement 1989), genome amplification (Cronin et al., 1995; Klein et
proteins to facilitate transport (Deom et al., 1992), al- al., 1994), aphid-mediated transmission from plant to
though an exception appears to be the potyvirus group. plant (Atreya et al., 1992; Thornbury et al., 1985), and
Movement functions required by potyviruses are dis- long-distance movement within plants (Cronin et al.,
persed among several proteins involved in other virus 1995) (Fig. 1B). The HC– Pro proteolytic function, which
activities, such as genome replication and encapsidation requires only the C-terminal one-third of the protein, cata-
(Cronin et al., 1995; Dolja et al., 1994; Klein et al., 1994). lyzes autoprocessing at a Gly-Gly dipeptide between
HC– Pro and the P3 protein (Carrington et al., 1989; Car-
rington and Herndon, 1992). The genome amplification1 To whom reprint requests should be addressed.
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no effect on cell-to-cell movement, but a complete debili-
tating effect on long-distance movement. The long-dis-
tance movement defect could be rescued partially by
infection of transgenic plants expressing HC– Pro (Cro-
nin et al., 1995), suggesting that the function involved in
movement is trans-active. Histochemical evidence sug-
gests that the mutant was able to invade most cells in
and around minor veins, although it was not determined
whether or not the mutant could enter sieve elements
(Cronin et al., 1995). In addition, HC– Pro also possesses
RNA-binding and dimerization activities (Maia and Ber-
nardi, 1996; Thornbury et al., 1985).
Despite evidence implicating HC– Pro in numerous vi-
ral functions, it is entirely unclear how HC– Pro integrates
with other replication and movement functions within in-
fected cells. Furthermore, it is not known if the participa-
tion of HC– Pro in multiple processes reflects multiple,FIG. 1. Diagrammatic representation of the TEV –GUS genome, HC–
independent functions of the protein or simply epistaticPro, and the positions of AS mutations. (A) The TEV –GUS diagram
illustrates the open reading frame (large open rectangle), the GUS effects of a limited number of activities. In this report, we
coding sequence (shaded), and the 3* and 5* nontranslated regions take a systematic genetic approach to dissect the roles
(small rectangles). The vertical lines represent positions of sequences of HC– Pro in autoprocessing, genome amplification, and
coding for proteolytic cleavage sites. (B) The HC –Pro structure diagram
long-distance movement. In addition, we use grafting andshows the relative positions of various functional domains. Putative
trans-complementation strategies to determine whetheractive-site residues (Cys345 and His418) within the proteinase domain
are shown. The position affected by the clustered point mutations in the long-distance movement function of HC– Pro is re-
the TEV –GUS/CCCE is indicated (‘CCCE’). The positions affected by quired in inoculated or systemic leaves.
the 25 AS mutations are indicated by the arrows. Arrows are shown
above or below the HC –Pro diagram depending on whether the muta-
MATERIALS AND METHODStion affected conserved or nonconserved residues, respectively. Arrows
marked with an open circle indicate the mutations resulting in the class Mutations in the HC– Pro coding sequence
II AS mutations, and the arrow marked with the closed circle indicates
the mutation resulting in the class III AS mutant. The specific residues Plasmids were grown in Escherichia coli strains
altered by the AS mutations are listed in Table 1. Abbreviations: P1, HB101 or DH5a. Mutations were introduced into the HC–
protein 1; P3, protein 3; CI, cylindrical inclusion protein; 6, 6-kDa protein;
Pro coding region by oligonucleotide-directed mutagene-NIa, nuclear inclusion protein a; NIb, nuclear inclusion protein b; CP,
sis (Kunkel et al., 1987). Single-stranded DNA for muta-capsid.
genesis was prepared using E. coli strain RZ1032 and
infection by the defective phage M13K07. Nicotiana taba-
cum cv. Xanthi nc was used for all plant and protoplastfunction of HC– Pro is complex, requiring at least the
central region and the C-terminal proteolytic domain. experiments. Transgenic plants from line 1031-1XB,
which expresses the P1 – HC–Pro region of the TEV poly-Several mutations affecting residues within the central
region are capable of genome amplification, but at sup- protein, were used for complementation experiments as
described (Cronin et al., 1995; Verchot and Carrington,pressed levels (Cronin et al., 1995; Klein et al., 1994).
Mutations affecting the proteolytic activity are nonviable 1995).
Alanine-scanning (AS) mutations were introduced into(Kasschau and Carrington, 1995), although it is not known
whether the debilitating effect is due to inactivation of a the HC– Pro coding sequence using the intermediate
plasmid pTL7SN.3-1027F. This plasmid contains the en-replication function of HC– Pro or to an indirect conse-
quence of the inability of HC– Pro to separate from P3. tire coding sequence for HC– Pro and part of P3. The
sequence for two or three alanine residues (GCAGCT orThe aphid transmission helper function requires residues
within the N-terminal and central region of HC– Pro GCAGCTGCA) was introduced at positions coding for
two or three consecutive charged residues (Asp, Glu,(Atreya et al., 1992; Atreya and Pirone, 1993; Thornbury
et al., 1990). Genetic analyses and transmission assays Arg, Lys, or His) or two charged residues separated by
a polar residue (Table 1). Mutations were verified bysuggest that HC– Pro directly or indirectly facilitates bind-
ing of virions to the food canal of aphids (Ammar et al., sequence analysis and subcloned into pTEV7DANG f
HK/DH using KpnI and HpaI restriction sites located at1994; Berger and Pirone, 1986; Wang et al., 1996). The
long-distance movement function of HC– Pro is under- genome nucleotides 1066 and 2681, respectively.
pTEV7DANG f HK/DH, which was described pre-stood poorly, but requires at least the central region (Cro-
nin et al., 1995). Substitution of a conserved cysteine- viously (Kasschau and Carrington, 1995), contains the
complete TEV cDNA with the coding sequence for GUSrich motif had a modest effect on genome amplification,
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TABLE 1
HC– Pro Residues Affected by Alanine-Scanning Mutagenesis
Mutant Residues affecteda Conservedb Mutant Residues affecteda Conservedb
AS1 K87, E88 No AS14 D300, K302 No
AS2 E97, K98 No AS15 K309, H310 No
AS3 D126, R127, K128 No AS16 K313, R314, H315 Yes
AS4 E154, E155 No AS17 D323, K325 Yes
AS5 R170, E172 Yes AS18 E334, E335, K336 No
AS6 R183, K185 Yes AS19 K358, E359 Yes
AS7 K218, R219 Yes AS20 E360, D361 No
AS8 D235, K236 No AS21 K363, D364 Yes
AS9 R240, K241, H242 Yes AS22 R370, D371 Yes
AS10 R247, K248 Yes AS23 D411, H412 Yes
AS11 E273, R274 No AS24 D413, K414 No
AS12 K275, E276 No AS25 E450, E452 Yes
AS13 E299, D300 Yes
a Sequences coding for affected residues were changed to alanine codons in each AS mutant.
b Positions affected by mutagenesis were defined as conserved if at least one of the residues was invariant in HC– Pro encoded by the following
five potyviruses: TEV, tobacco vein mottling virus, plum pox virus, potato virus Y, and pea seedborne mosaic virus.
inserted between the P1 and the HC– Pro regions. Se- Inoculation and analysis of protoplasts and plants
quences encoding P1-mediated and NIa-mediated cleav- Protoplasts were isolated and inoculated with in
age sites are present at the 5* and 3* ends of the GUS vitro synthesized transcripts as described previously
sequence, respectively. Infection with pTEV7DANG f HK/ (Kasschau and Carrington, 1995). In all experiments, in-
DH-derived transcripts yields the parental virus, TEV – oculations were performed in triplicate using parental
GUS (Kasschau and Carrington, 1995). (pTEV7DANG f HK/DH) and mutant transcripts. Samples
The plasmids pTEV7DAN-G f H/H722S and pTEV7- of protoplasts were collected at various time points post-
DAN-G f H/CCCE contained mutations resulting in sub- inoculation (p.i.) and lysed in GUS lysis buffer (40 mM
stitution of Ser for His418 and Asp-Pro-Ala and Asp for sodium phosphate, 10 mM EDTA, 0.1% Triton X-100, 0.1%
Cys293-Cys294-Cys295 and Glu299 within HC– Pro. The sodium lauryl sarcosine, 0.07% b-mercaptoethanol, pH
plasmid pTEV7DAN-G/43-44 contained mutations re- 7.0.) b-Glucuronidase activity in clarified lysates was as-
sulting in substitution of Ala-Ala for Lys43-Arg44 of NIa. sayed using the fluorometric substrate 4-methylumbelli
Infection phenotypes using transcripts derived from ferylglucuronide as described (Carrington and Freed,
these plasmids were described previously (Cronin et al., 1990). Activity units (pmol substrate/min/105 protoplasts)
1995; Kasschau and Carrington, 1995; Schaad et al., were calculated using standards of known concentration.
1996). The plasmid pTEV7DAN-G f H/3*NTR Comp4 con- The amplification level of each mutant at 48 hr p.i. was
tained substitutions of CGCGT for AAAGC at position calculated as a percentage of the mean amplification
9169– 9173 within the capsid coding region and ACGCGT level of parental virus within the same experiment. The
for GCTTTC at position 9335– 9340 within the 3* non- Fisher’s PLSD statistical analysis was done using Stat-
translated region. view 4.0 (Abacus Concepts, Inc.).
Plants were inoculated manually with transcripts on
In vitro transcription and translation two leaves after dusting with carborundum. Infection of
inoculated leaves and cell-to-cell movement were scoredThe pTL7SN.3-1027F-derived plasmids were linear-
ized by digestion with HpaI and transcribed with SP6 by infiltrating leaves with the GUS colorimetric sub-
strate, 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-gluc)RNA polymerase. The transcripts were translated in a
rabbit reticulocyte lysate at 307 for 1 hr in the presence (Dolja et al., 1992). Infection focus sizes at 24, 48, and
72 hr p.i. were determined microscopically and repre-of [35S]Met. Translation products were analyzed by SDS –
12.5% polyacrylamide gel electrophoresis and autoradi- sented as the mean number of epidermal cells across
the focus diameter (Dolja et al., 1994). The rates of cell-ography.
The pTEV7DANG f HK/DH-derived plasmids were lin- to-cell movement were calculated between 48- and 72-
hr time points. Systemic spread of virus was assayedearized using BglII and transcribed using SP6 polymer-
ase in the presence of m7GpppG (Dolja et al., 1992). by the appearance of symptoms (vein clearing) and the
presence of GUS activity in systemic leaves (Dolja et al.,Transcripts were precipitated in the presence of 2 M LiCl
and resuspended in one-fifth original volume with DEPC- 1992). At 14 days p.i., the leaf two nodes above the upper
inoculated leaf was ground in five volumes of GUS lysistreated water.
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buffer. Protein concentration (Bradford, 1976) and GUS
activity (pmol/min/mg protein) were measured using the
clarified extract.
Grafting experiments
Four types of grafted plants were produced using all
combinations of nontransgenic N. tabacum cv. Xanthi nc
and transgenic 1031-1XB plants. Scions and rootstocks
derived from the nontransgenic plants were designated
FIG. 2. Infectivity of TEV –GUS and TEV –GUS/CCCE in grafted plants.by the ‘‘NT’’ code, while scions and rootstocks derived
Four types of grafted plants using nontransgenic (NT) and HC–Pro-
from the transgenic plants were given the ‘‘T’’ code. The expressing transgenic (T) scions and rootstocks were generated. The
names of the grafted plants included the code for the graft codes indicate the scion/rootstock combination. Grafted plants
were inoculated with TEV– GUS and TEV –GUS/CCCE. Positions ofscion, a slash, and the code for the rootstock. For exam-
leaves that were inoculated and sampled for GUS activity at 15– 18ple, plants with a nontransgenic scion and transgenic
days p.i. are indicated. The data shown indicate the number of plantsrootstock were designated the NT/T plants.
with symptoms or GUS activity in the scion over the number of plants
Plants were grown under standard greenhouse condi- inoculated.
tions to a height of approximately 10– 15 cm. Rootstock
plants were prepared by severing the stem above the
sixth or eighth node and introducing a vertical slice (ap- transgenic /nontransgenic (T /NT ), and transgenic /
proximately 2 cm) at the cut surface. The scion was pre- transgenic (T/T). If the mutant was able to enter sieve
pared by cutting approximately 3– 5 cm from the end of elements in nontransgenic tissue, it was predicted that
the dominant axis and forming a wedge at the cut sur- transgenic scion tissue grafted onto inoculated non-
face. The wedge-end of the scion was inserted into the transgenic rootstock (T/NT plants) would be systemically
rootstock at the vertical cut and held firmly in place by infected. The top two leaves of the rootstock were inocu-
a parafilm wrap. Each grafted plant was covered with a lated with parental TEV – GUS or TEV – GUS/CCCE. The
clear plastic bag and allowed to recover prior to inocula- scions of each type of grafted plant inoculated with TEV–
tion. The top two leaves on the rootstock were then inocu- GUS exhibited symptoms of systemic infection by 8 days
lated with TEV– GUS or the TEV– GUS/CCCE mutant. Sys- p.i. (Fig. 2), indicating that virus was capable of moving
temic infection of the scions was assayed by the appear- across the graft union. Systemic infection of scion tissue
ance of symptoms or the presence of GUS activity in the in TEV – GUS/CCCE-inoculated T/T plants was detected
leaf one node above the graft union at 15– 18 days p.i. by the appearance of GUS activity at 15– 18 days p.i.
However, no GUS activity was detected in scion leaf
tissue of NT/NT, T/NT, or NT/T plants inoculated withRESULTS
TEV– GUS/CCCE. These experiments suggest that func-
Long-distance movement of the TEV – GUS/CCCE tional HC– Pro is required in both inoculated and nonin-
mutant in grafted plants oculated tissues for efficient long-distance movement.
They also imply that little, if any, TEV– GUS/CCCE mutantSeveral biochemical and genetic analyses of the poty-
enters into and moves within sieve elements in inocu-virus genome indicate that HC– Pro influences genome
lated leaves lacking HC– Pro.amplification and long-distance movement in plants. The
TEV– GUS/CCCE mutant contains a clustered point muta- Alanine-scanning mutagenesis of HC– Pro
tion in the HC– Pro coding region and is completely de-
fective in long-distance movement. This movement de- To date, genetic analyses have revealed that HC– Pro
participates in polyprotein processing, genome amplifi-fect might be due to an inability to reach sieve elements
and/or an inability to exit sieve elements after long-dis- cation, and long-distance movement in plants. However,
the spectrum of HC– Pro mutants with informative pheno-tance transport. The TEV– GUS/CCCE mutant can be
complemented in transgenic plants expressing HC– Pro, types has been limited. To more thoroughly assess the
relationships between these various functions, a system-indicating that the movement-stimulating activity of HC–
Pro is a trans-active function. atic series of AS mutants encoding HC– Pro variants was
generated. Each position encoding two or three consecu-To determine whether the long-distance movement
function of HC–Pro is required in inoculated or systemic tive charged residues, or two charged residues sepa-
rated by a polar residue, between HC– Pro codons 87leaves, a series of grafted plants containing various com-
binations of transgenic and nontransgenic scions and and 452 was changed to Ala codons (Table 1) (Cunning-
ham and Wells, 1989). The mutagenesis series excludedrootstocks was inoculated (Fig. 2). Four types of grafted
plants were made: nontransgenic/nontransgenic (scion/ HC– Pro residues 1– 86 because this region was shown
previously to be nonessential for virus movement (Doljarootstock, NT/NT), nontransgenic/transgenic (NT/T),
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et al., 1993). Twenty-five mutations (AS1 to AS25, Table same time point (Table 2). Among the AS mutants, three
distinct amplification classes were identified. Class I1) were introduced into the coding sequence of HC– Pro
in two separate plasmids, pTL7SN.3-1027F and pTEV7- consisted of AS1, AS2, AS4, AS7, AS8, AS11, AS12, AS14,
AS15, AS16, AS17, AS18, AS19, AS21, AS22, AS24, andDANG f HK/DH. Thirteen mutations resulted in substitu-
tions of residues that were highly conserved among dis- AS25, and was characterized by mutants that amplified
to levels statistically indistinguishable (P  0.05) fromtinct potyviruses while the remaining 12 affected noncon-
served positions (Fig. 1B). Eleven mutations (AS15 to TEV– GUS (Fig. 4 and Table 2). Class II comprised AS3,
AS5, AS6, AS9, AS10, AS13, and AS20, each of whichAS25) affected residues within the C-terminal proteolytic
domain of HC– Pro. The pTL7SN.3-1027F plasmid con- was amplified to a level statistically lower (P 0.05) than
TEV– GUS (Fig. 4 and Table 2). At 48 hr p.i., each classtains the sequence coding for a 62-kDa polyprotein con-
sisting of HC– Pro, the HC –Pro autoprocessing cleavage II mutant was amplified to a mean relative level of 12–
31%, although all but AS20 amplified to a relative levelsite, and an 83-amino-acid segment of the P3 protein, all
of which are immediately downstream from a SP6 RNA below 19%. Interestingly, the GUS activity level induced
by each class II mutant increased only slightly, or didpolymerase promoter and TEV 5* nontranslated region.
The pTEV7DANG f HK/DH plasmid contains cDNA rep- not increase, between the 48- and the 72-hr-p.i. time
points (Fig. 4). Class III contained AS23, which exhibitedresenting the full-length TEV– GUS genome downstream
from a SP6 promoter, transcription from which yields in- no amplification activity (Fig. 4 and Table 2). A site-di-
rected revertant that restored the wild-type HC– Pro se-fectious RNA.
quence in the AS23 genome was amplified to the same
Autoproteolytic activity of HC –Pro alanine-scanning level as parental TEV– GUS (data not shown), indicating
mutants that the amplification defect was due only to the AS23
mutation.
The HC– Pro autoprocessing phenotype of each mu-
The apparent leveling off of amplification of the class
tant was analyzed by cell-free translation of transcripts
II mutants at late time points in the protoplast infection
produced from the pTL7SN.3-1027F-derived plasmids
assays (Fig. 4) was investigated at higher temporal reso-
(Fig. 3A). As shown previously, active HC– Pro catalyzes
lution and in parallel with additional mutants. Protoplasts
proteolysis to yield products of 52 (HC– Pro) and 10 kDa
were inoculated with transcripts representing each class
(P3 fragment) (Kasschau and Carrington, 1995). As con-
II mutant, and samples were assayed for GUS activitytrols, transcripts encoding the wild-type polyprotein and
at 8-hr intervals up to 64 hr p.i. Protoplasts were alsotranscripts encoding a polyprotein containing a substitu-
inoculated with mutants that contained substitutions af-tion of Ser for His418 at the HC– Pro active site were
fecting NIa (NIa 43-44 mutant) or sequences near the 3*
translated in parallel with the AS mutant transcripts. The
end of the genome (3*NTR Comp4 mutant). The NIa 43-
processing phenotype of each AS mutant polyprotein
44 and 3*NTR Comp4 mutants were shown previously to
was similar to the nonmutagenized control, except for
accumulate to relative levels of 15.7 (Schaad et al., 1996)
the AS23 polyprotein (Fig. 3B). The AS23 polyprotein pro-
and 12.5% (unpublished data), respectively, at 48 hr p.i.
cessed partially, with approximately half of the precursor
All mutants, as well as parental TEV– GUS and H722S
remaining after the 1-hr incubation period.
controls, were inoculated in triplicate and in parallel us-
ing the same preparation of protoplasts, and the entireAmplification of alanine-scanning mutants in
experiment was repeated twice. Significant levels of GUSprotoplasts
activity were not detected until 16 hr p.i. for parental virus
and class II mutants (Fig. 5). Between 24 and 56 hr p.i.,The effects of each AS mutation on genome amplifica-
tion were tested in tobacco protoplasts. As it was not parental TEV – GUS increased steadily at a rate of approx-
imately 1.5-fold every 8 hr (Fig. 5A). Increases in GUSfeasible to inoculate with all AS mutants simultaneously,
mutants were analyzed in six sets with parental TEV – activity induced by most of the class II mutants, however,
were progressively smaller after 24 hr p.i., with no in-GUS and the amplification-defective control, TEV – GUS/
H722S, included in each set. Mutants and controls were creases after either the 48- or the 56-hr-p.i. time point
(Fig. 5B). With the exception of the AS20 mutant, whichanalyzed in triplicate in all experiments. The time course
of mean GUS activity over the 72-hr incubation period increased to approximately twice the level of the other
mutants prior to reaching the plateau, each of the classin protoplasts inoculated with each mutant and control
genome is shown in Fig. 4. The parental TEV – GUS ge- II mutants exhibited remarkably similar amplification ki-
netics. In contrast to the class II mutants, the NIa 43-nome amplified relatively efficiently in protoplasts pre-
pared for each set, whereas the TEV – GUS/H722S mutant 44 and 3*NTR Comp4 mutants exhibited amplification
kinetics with increases of approximately 1.5-fold betweenfailed to stimulate GUS activity over the time course.
To facilitate comparisons between the AS mutants, GUS each time point between 32 and 56 hr p.i. (Fig. 6). These
mutants also exhibited a particularly long lag period be-activity at the 48-hr-p.i. time point was calculated as a
percentage of mean activity of parental TEV– GUS at the fore increases in GUS activity were detected.
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FIG. 3. Autoproteolytic activity of HC– Pro encoded by alanine-scanning mutants. (A) Diagrammatic representation of the 62-kDa HC–Pro/partial
P3 polyprotein and autoproteolytic cleavage site encoded by in vitro-synthesized transcripts from pTL7SN.3-1027F containing the AS mutations.
Proteolytic processing yields a 52-kDa HC –Pro product and a 10-kDa partial P3 product. (B) In vitro translation and processing products encoded
by pTL7SN.3-1027F-derived plasmids. Radiolabeled translation products were analyzed by 12.5% SDS – polyacrylamide gel electrophoresis and
autoradiography. The identities of the processing-positive (wt) and processing-negative (H722S) controls and AS mutants are indicated above each
lane. The three panels represent translation and processing reactions carried out at three different times, each with positive and negative controls.
The electrophoretic positions of the polyprotein (62 kDa) and HC– Pro product (52 kDa) are indicated on the left. The images shown were derived
from scanned autoradiographs.
The mean relative activity of each mutant, as a percent- toms that appeared 1 or 2 days later than those of TEV–
age of parental TEV– GUS, was calculated at each time GUS-infected plants. Additionally, GUS activity levels in
point between 24 and 64 hr p.i. using data from the two most plants infected by the class I mutants were similar
independent experiments. At the 24-hr-p.i. time point, ac- to those of TEV– GUS-infected plants (data not shown).
tivities induced by the class II mutants ranged between As the class I mutants did not exhibit any dramatic differ-
27 and 43% of the TEV – GUS-induced activity (Fig. 6). ences relative to TEV – GUS, they were not characterized
Relative activities of all class II mutants declined at each further. The amplification-defective class III mutant,
successive time point. The NIa 43-44 and 3* NTR Comp4 AS23, failed to infect plants (Table 2).
mutants displayed low relative activities at 24 hr p.i. due Plants inoculated with six of the seven class II mutants,
to the extended lag period, but constant relative levels AS3, AS5, AS6, AS9, AS10, and AS13, exhibited no visible
of approximately 15 – 20% between 32 and 64 hr p.i. symptoms of infection (Table 2). Three mutants, AS3,
AS5, and AS13, induced relatively low levels of GUS activ-
Infectivity of alanine-scanning mutants in plants ity in systemic leaves, while no GUS activity was detected
in upper leaves of plants inoculated with AS6, AS9, orThe ability of each AS mutant to infect tobacco plants
AS10. Only one class II mutant infected plants systemi-systemically was tested. In initial experiments, two
cally at the same rate as parental TEV – GUS (Table 2).leaves on each of three plants were mechanically inocu-
Although slightly attenuated, symptoms in the AS20-in-lated with transcripts and systemic infection was as-
fected plants occurred at the same time as in TEV– GUS-sayed by the appearance of symptoms or the presence
infected plants. To determine if any of the class II mutantsof GUS activity in the leaf two nodes above the top inocu-
were defective in cell-to-cell movement, inoculatedlated leaf at 14 days p.i. Parental TEV– GUS-infected
leaves were infiltrated with the GUS histochemical sub-plants displayed symptoms by 5– 6 days p.i. Plants inocu-
strate, X-gluc, to visualize infection foci at 7 days p.i.lated with most of the class I AS mutants exhibited symp-
Parental TEV– GUS exhibited considerable cell-to-celltoms at the same time as those infected by parental
transport and secondary spread along veins (Fig. 7). Eachvirus (Table 2). Plants inoculated with two of the class I
mutants, AS16 and AS17, had slightly attenuated symp- of the mutants was able to establish infection foci in
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GUS/CCCE mutant. Protoplasts from nontransgenic and
transgenic tobacco plants were isolated concomitantly
and were inoculated in triplicate with transcripts repre-
senting the genomes of TEV – GUS, TEV – GUS/H722S,
and the seven class II mutants. Samples were assayed
for GUS activity at 24, 48, and 72 hr p.i. This experiment
TABLE 2
Amplification and Systemic Infectivity of Alanine-Scanning Mutants
Relative amplification Systemic infection
Virus in protoplastsa in plantsb
Controls
TEV– GUS 100 ///
H722S 0.0 ND
Class I mutantsc
AS1 96.6 { 18 ///
AS2 106.5 { 75.9 ///
AS4 105.1 { 46.6 ///
AS7 72.4 { 23.4 ///
AS8 64.2 { 40 ///
AS11 97.0 { 53.2 ///
AS12 82.9 { 13.2 ///
AS14 75.6 { 7.3 ///
AS15 67.8 { 20.2 ///
AS16 79.0 { 36.2 //
AS17 136.1 { 64.1 //
FIG. 4. Amplification of AS mutant genomes in tobacco protoplasts. AS18 127.2 { 37.4 ///
Amplification of the positive (TEV –GUS) and negative (H722S) controls AS19 106.7 { 12.4 ///
and each AS mutant was measured by GUS activity assay (pmol/min/ AS21 60.4 { 8.0 ///
105 protoplasts) at 24, 48, and 72 hr p.i. Each graph represents an AS22 55.7 { 14.5 ///
experiment in which a single protoplast preparation was used for all AS24 123.6 { 61.5 ///
control and AS mutant inoculations. Each data point represents the AS25 81.4 { 12.9 ///
mean of three replicate inoculations. The variation in absolute GUS Class II mutantsd
activity induced by parental TEV –GUS between experiments is typical AS3 13.4 { 7.3 /
and is due to batch-to-batch variation in protoplast quality. However, AS5 13.4 { 5.8 /
the relative activities induced by TEV– GUS and mutant viruses were AS6 16.6 { 6.4 0
constant between experiments. AS9 15.7 { 8.6 0
AS10 12.0 { 7.3 0
AS13 18.3 { 9.2 /
AS20 30.8 { 15.7 ///inoculated leaves, but little or no secondary movement
Class III mutantealong veins was evident (Fig. 7 and data not shown). The
AS23 0.0 ND
AS10-induced foci were clearly smaller than foci induced
by the other class II mutants. Measurements of cell-to- a Relative amplification in protoplasts was calculated using the 48-
hr p.i. GUS activity data as follows:cell movement rates between 2 and 3 days p.i. indicated
that each class II mutant, except AS10, moved at a rate GUS activity in mutant-inoculated protoplasts
Mean GUS activity in TEV –GUS-inoculated protoplasts
1 100.comparable to that of TEV– GUS (data not shown). The
AS10 mutant moved cell to cell at a rate approximately
Values presented are the mean percentages{ SD for 3 –15 indepen-25% that of TEV– GUS.
dent inoculations from up to five different experiments.
b Systemic infection was detected by the appearance of symptoms
Complementation of alanine-scanning mutants in upper, noninoculated leaves or by GUS activity assays using leaves
two nodes above the top inoculated leaf. ///, symptoms appeared
The ability of wild-type HC– Pro to complement the at the same time as TEV –GUS-infected plants (5–6 days p.i.); //,
amplification and long-distance movement defects of the symptoms were delayed by approximately 2 days compared to TEV–
GUS-infected plants; /, no symptoms, but low levels of GUS activityclass II AS mutants was tested using a transgenic ap-
were detected at 14 days p.i.; 0, no symptoms and no GUS activityproach. Transgenic plants expressing the P1 – HC– Pro
were detected at 14 days p.i.; ND, not determined.region of the TEV polyprotein were used. These plants c Relative amplification data based on 3 to 9 independent inocula-
were shown previously to rescue certain mutants with tions.
defects in the P1 and HC– Pro sequences (Cronin et al., d Relative amplification data based on 15 independent inoculations.
e Relative amplification data based on 9 independent inoculations.1995; Verchot and Carrington, 1995), including the TEV –
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nontransgenic leaves of plants inoculated with AS6, AS9,
or AS10 (Fig. 8 and Table 3). In contrast, GUS activity
was detected at levels of 1.6 – 5.6% relative to parental
virus in transgenic plants inoculated with these mutants
(Fig. 8 and Table 3), indicating that the long-distance
movement function was complemented partially. The AS3
and AS5 mutants, which induced very low levels (0.01
and 0.06%, respectively) of GUS activity in nontransgenic
plants, were also complemented in transgenic plants,
reaching relative levels of 3.2 and 3.7%, respectively (Fig.
8 and Table 3). However, the AS13 mutant, which accu-
mulated to a level of 1.3% in nontransgenic plants, was
not stimulated in the transgenic plants. The AS20 mutant,
which moved long distance and induced symptoms in
nontransgenic plants at rates similar to those of TEV–
GUS, accumulated to comparable levels in both non-
transgenic (7.5%) and transgenic (8.4%) plants. These re-
sults indicate that HC– Pro supplied in trans can comple-
ment the long-distance movement defects of some, but
not all, class II AS mutants.
DISCUSSION
Functional organization of HC– Pro
Analysis of the alanine-scanning mutant series yielded
considerable information about the functional organization
FIG. 5. Time course of genome amplification of the class II AS mu-
of HC–Pro. Among the 11 mutations affecting the proteo-tants in tobacco protoplasts. (A) Amplification of the positive (TEV –
lytic domain, including 8 at conserved positions, only 2GUS) and negative (H722S) controls, NIa 43-44 and 3* NTR Comp4
mutant controls (dotted lines), and each class II mutant was measured caused significant effects on proteolysis, genome amplifi-
by GUS activity assay (pmol/min/105 protoplasts) at 8-hr intervals over cation, or virus movement. The AS23 mutant was both
a 64-hr time course. Each data point represents the mean of three processing-debilitated and amplification-defective. The
replicate inoculations performed in parallel using the same protoplast
amplification defect of this mutant is most easily explainedpreparation. (B) Expansion of the bottom portion of the graph shown
as a consequence of incomplete or inefficient proteolysis.in (A).
Mutations affecting HC–Pro residues required for efficient
processing were shown previously to cause noncomple-
mentable amplification defects (Kasschau and Carrington,was conducted twice, and mean amplification levels rela-
tive to TEV– GUS were calculated using the 48-hr-p.i. 1995). The AS23 mutant results reinforce the idea that the
GUS activity values. Relative amplification of each AS
mutant was stimulated modestly in transgenic proto-
plasts, reaching approximately twice the level of non-
transgenic protoplasts (Table 3). The differences in rela-
tive amplification levels were statistically significant for
each of the mutants (P  0.005). As shown previously
(Kasschau and Carrington, 1995), the TEV– GUS/H722S
mutant was not rescued in the transgenic protoplasts.
Nontransgenic and transgenic plants were inoculated
with transcripts representing the parental and mutant
genomes, and GUS activity was measured in extracts
from leaves two nodes above the top inoculated leaf at
14 days p.i. Both absolute GUS activity and relative GUS
activity using TEV– GUS in transgenic or nontransgenic
FIG. 6. Relative amplification levels of the class II AS mutants overplants as the 100% standard were calculated. The AS3,
time in inoculated protoplasts. Relative GUS activity levels (percentageAS5, AS6, AS9, AS10, and AS13 mutants and TEV– GUS
of parental TEV– GUS) were calculated for each time point between 24
were analyzed in parallel in one experiment, while the and 64 hr p.i. Each data point represents the mean relative activity
AS20 mutant and TEV– GUS were analyzed in parallel in level from a total of six inoculations in two independent experiments.
The time course of one of these experiments is shown in Fig. 5.a separate experiment. No GUS activity was detected in
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mulated at maximal efficiency, it was predicted that it
would have accumulated to approximately 30% of the level
of TEV– GUS, which represents the efficiency with which
it amplified in protoplasts.
In contrast to most of the mutations within the pro-
teolytic domain, mutations affecting the central domain
at each of the five conserved positions (AS5, AS6, AS9,
AS10, and AS13) and one nonconserved position (AS3),
which span the sequence between residues 126 and
300, caused defects in genome amplification and long-
distance movement. The amplification levels of these
mutants, which comprised six of the seven class II
mutants, ranged between 12.0 and 18.3% that of TEV –
GUS at 48 hr p.i. The fact that none of these mutations
eliminated genome amplification, as do mutations af-
fecting enzymatic functions involved in replication (Li
and Carrington, 1995; Murphy et al., 1996; Schaad et
al., 1996), supports the idea that the central domain
provides a replication-enhancing function. The long-
distance movement defects resulted in accumulation
levels in systemic tissue of 0 to 1.3% compared to TEV –
GUS. These results are consistent with those of Klein
et al. (1994), who demonstrated that random insertion
mutations affecting two positions within the TVMV HC –
Pro central region were unable to accumulate in nonin-
oculated tissue. Although six central domain mutants
were debilitated in both amplification and long-dis-
tance movement, none of the mutants were restricted
to single cells in inoculated leaves, indicating that
each retained the capacity for at least limited cell-to-
cell movement. While the possibility is strong that HC –
Pro is not a required factor for cell-to-cell movement,
a peripheral or enhancing role cannot be excluded as
the AS10 mutant clearly moved at a slow rate.
A striking feature of the class II mutants was the
shutoff phenotype observed at time points after 24 hr
p.i. in protoplasts. The GUS activity assay is an indirect
measure of genome amplification, and one that reflects
more accurately RNA accumulation rather than rate
of synthesis. GUS activity levels correlate well withFIG. 7. Visualization of infection foci in leaves inoculated with TEV–
GUS and five of the class II AS mutants. Inoculated leaves were infil- genomic RNA levels in infected cells (Dolja et al.,
trated with the colorimetric GUS substrate, X-gluc, at 7 days p.i. Sites 1993), suggesting that the leveling off of activity over
of infection are indicated by the blue areas. time was due to a shutoff or restriction of viral RNA
accumulation. This phenotype was not merely a conse-
quence of inefficient amplification. The NIa 43-44 andHC– Pro proteolytic activity, or efficient separation of HC–
Pro from P3, is required for genome amplification. The 3* NTR Comp4 mutants with defects in the VPg domain
of NIa or the 3* nontranslated region, and which accu-AS20 mutation caused a suppressed amplification pheno-
type, but had relatively little effect on proteolytic pro- mulated at 48 hr p.i. to levels comparable to the class
II mutants, failed to shut off at later time points. In fact,cessing. However, it is possible that this mutation had a
subtle effect on the autoproteolytic cleavage rate in vivo, the levels of accumulation of the NIa 43-44 and 3* NTR
Comp4 mutants relative to parental virus remainedresulting in the amplification phenotype observed. The
AS20 mutant also displayed a moderate defect in systemic contant at late time points. The shutoff phenotype of
the class II mutants, therefore, may indicate a specificaccumulation, reaching only 7.5% of the level of parental
TEV– GUS in systemic tissue, although the timing of symp- function of HC– Pro in maintenance of efficient genome
amplification or accumulation at late stages of the in-toms in noninoculated tissue was similar to that of TEV–
GUS. Had the AS20 mutant moved systemically and accu- fection.
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TABLE 3
Complementation of Alanine-Scanning Mutants in Transgenic Protoplasts and Plants
Relative amplification in protoplastsa Relative accumulation in systemic plant tissueb
Virus Nontransgenic Transgenic P value Nontransgenic Transgenic P value
TEV– GUS 100 100 100 100
H722S 0.0 0.0 NDc ND
AS3 13.4 { 7.3 35.1 { 23.2 0.004 0.1 { 0.0 3.2 { 1.4 0.001
AS5 13.4 { 5.8 28.7 { 13.0 0.001 0.001 { 0.001 3.7 { 1.4 0.001
AS6 16.6 { 6.4 28.1 { 8.9 0.003 0.0 5.6 { 4.6 0.026
AS9 15.7 { 8.6 30.4 { 7.6 0.002 0.0 2.6 { 1.5 0.005
AS10 12.0 { 7.3 32.2 { 15.2 0.001 0.0 1.6 { 0.7 0.001
AS13 18.3 { 9.2 34.7 { 8.7 0.002 1.3 { 0.9 1.9 { 1.9 0.597
AS20 30.8 { 15.7 59.0 { 21.4 0.005 7.5 { 0.5 8.4 { 2.4 0.390
a Relative amplification in nontransgenic and HC –Pro-expressing transgenic protoplasts was determined as in Table 2. Data presented are mean
relative amplification levels { SD based on GUS activity at 48 hr p.i. from 15 (nontransgenic) or 6 (transgenic) independent inoculations of each
control or AS mutant.
b Relative accumulation in systemic leaves (two nodes above top inoculated leaf) was calculated using the following formula:
GUS activity in AS mutant-inoculated plant
Mean GUS activity in TEV– GUS-inoculated plants
1 100.
The mean relative accumulation { SD (n  5 for all data) for each mutant is shown.
c Not determined.
Are the long-distance movement defects of the central examples demonstrate that reduced amplification does not
necessarily lead to suppressed long-distance movement.domain mutants and AS20 simply indirect consequences
of suppressed amplification? If so, any TEV mutant that The covariation of genome amplification and long-distance
movement phenotypes of the AS mutants, therefore, mostamplifies to a relative level of 10– 20% or less should exhibit
defects in long-distance movement. This, however, is likely reflects one or more HC– Pro functions that have an
influence on the two processes.clearly not the case. For example, a deletion mutant lacking
the entire P1 coding region was shown to amplify to a The finding that amplification and long-distance move-
ment of the class II mutants were stimulated by HC– Prorelative level of 3.2% and to infect plants systemically within
7 days p.i. (Verchot and Carrington, 1995). Certain single- supplied by transgenic plants reveals that the HC– Pro
activity involved in both processes is at least partiallyand double-point mutations affecting the VPg domain of
NIa, including the NIa 43-44 mutation, were demonstrated trans-active. Amplification levels of the mutants relative
to parental virus were stimulated approximately 2-fold into result in viruses that move long distance but that amplify
to relative levels as low as 2.3% (Schaad et al., 1996). These protoplasts. Complementation levels higher than those
observed may have been restricted due to one or more
reasons, including limited amounts of active HC– Pro
within transgenic cells and dominant-negative effects of
HC– Pro encoded by the mutants. The long-distance
movement defects of some of the class II mutants were
rescued partially, but the fold stimulation differed for the
various mutants. The AS6, AS9, and AS10 mutants were
able to move long distance only in transgenic plants, AS3
and AS5 were stimulated in transgenic plants approxi-
mately 30-fold and 3000-fold, respectively, and AS13 and
AS20 were indistinguishable in transgenic and non-
transgenic plants. The differential complementation re-FIG. 8. Complementation of class II AS mutants in HC–Pro-express-
ing transgenic plants. Two leaves in each of five nontransgenic (X) or sults could reflect varying dominant-negative effects of
transgenic (T) tobacco plants were inoculated with transcripts repre- the mutant proteins as proposed above.
senting the TEV– GUS or class II AS mutant genomes. GUS activity
(pmol/min/mg protein) was measured in total extracts from the leaf two Potential roles of HC– Pro
nodes above the top inoculated leaf at 14 days p.i. Each bar represents
How does HC–Pro influence genome replication andmean GUS activity { SD. The two graphs represent data obtained in
experiments conducted at separate times. long-distance movement? With available data, at least
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three hypotheses are plausible. Hypothesis 1 states that suggestions. Along these lines, it is interesting to note
that at least one potyvirus, pea seedborne mosaic virus,HC– Pro is involved directly as a genome replication and
long-distance movement factor. Given the amplification induces a transient suppression of host mRNA accumu-
lation in cells at the advancing front of an infection inshutoff phenotype of the class II mutants, a direct role
of HC– Pro would most likely be involved relatively late immature pea embryos (Wang and Maule, 1995).
Whether or not a similar effect on cellular mRNA is in-in the infection cycle. This amplification-enhancing func-
tion of HC– Pro might involve an RNA-binding activity duced upon infection by TEV, and whether or not HC–
Pro has any role in this process, remain open questions.(Maia and Bernardi, 1996). Potential direct roles of HC–
Pro during long-distance movement may involve transfer Speculation about a putative defense response that is
suppressed by HC– Pro is also heightened by recentof genomic RNA or virions from sites of RNA synthesis
or assembly to plasmodesmata of phloem cells, passage findings concerning the effects of HC–Pro on infection
by heterologous viruses. Coinfection of some hosts bythrough phloem plasmodesmata, or entry into, movement
though, or exit from sieve elements. The grafting experi- TEV (or one of several other potyviruses) and potato virus
X (PVX) results in a synergistic disease syndrome charac-ments indicate that HC– Pro is necessary in source (inoc-
ulated) and sink (systemic) tissues to rescue the TEV – terized by systemic symptoms more severe than either
virus individually and by stimulation of PVX plus- andGUS/CCCE mutant. If HC– Pro is a direct-acting long-
distance movement factor, these experiments suggest minus-strand RNA accumulation (Goodman and Ross,
1974; Vance, 1991). Both the enhanced disease severitythat HC– Pro might be involved in both loading and un-
loading virus from vascular cells. It must be stressed, and the stimulation of PVX RNA accumulation have been
shown to require HC– Pro (Bowman Vance et al., 1995;however, that evidence supporting direct roles of HC–
Pro in replication or movement is lacking. Shi et al., 1996). The effects of HC– Pro on TEV and PVX
infection are consistent with the idea that HC– Pro quellsHypothesis 2 states that HC– Pro affects genome repli-
cation and long-distance movement indirectly by stimu- a host response that could potentially limit replication
and movement of a range of viruses.lating or activating one or more host components. Host
factor stimulation by the interaction of cellular and viral
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